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4-Azido-3,5-dinitropyrazole (AzDNP) and its derivatives are attractive candidates as high-performance
energetic materials due to their excellent energetic properties and high nitrogen and oxygen contents.
However, they are often more sensitive (primary explosives) and have poor thermal stability (Tq <
150 °C), attributed to the presence of the azido functionality. In this work, we have tried to fine-tune the
properties of 4-azido-3,5-dinitropyrazole by connecting it to 5-nitramino-1,2,4-oxadiazole moieties via
N-methylene-C bridges. Furthermore, a series of nitrogen-rich energetic salts (compounds 7-17) were
prepared from neutral compound 6 by reacting with different nitrogen-rich bases. All compounds were
thoroughly characterized using IR and multinuclear NMR spectroscopy, differential scanning calorimetry
(DSC), elemental analysis, and HRMS studies. Compounds 4, 7, and 9 were further confirmed through
single-crystal X-ray diffraction studies. The physicochemical and energetic properties of all energetic
compounds were also investigated. A hydroxylammonium salt, 12 (D,: 8961 m s~% P: 33.0 GPa), has
been found to be the most energetic derivative of AzDNP to date. Compounds 6 (D,: 8734 m sh
P: 33.9 GPa; IS < 2.5 J) and 12 (D,: 8961 m s, P: 33.0 GPa; IS < 2.5 J) show potential to be used as
metal-free high-performance primary explosives. The most comprehensive properties are shown by
ammonium salt 7 (D,: 8591 m s™% P: 30.6 GPa, Ty4: 173 °C; IS: 14 J). The structure—property relationship
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Introduction

Since the discovery of the first known explosive, gunpowder, the
high energy density material (HEDM) field has significantly
helped humankind in defense, space exploration and civilian
applications."™ Low explosives include propellants and pyro-
technics, which undergo deflagration, whereas high explosives
undergo detonation. High explosives are further classified as
primary and secondary explosives based on their susceptibility
to initiation. Due to their fast deflagration-to-detonation transi-
tion (DDT), primary explosives are used as initiators for less
sensitive and high-performance secondary explosives.” The
most commonly used primary explosives are based on toxic
heavy metals like lead (e.g., lead azide and lead styphnate) and
mercury (e.g., mercury fulminate) and cause severe threats to
human health and the environment.® Similarly, the conven-
tional secondary explosive, RDX (1,3,5-trinitro-1,3,5-triazinane),
is a human carcinogen and toxic to important organisms at the
bottom of the food chain.” Due to these concerns associated
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was studied using Hirshfeld surface and non covalent interaction (NCI) analyses.

with traditional explosives, modern energetic materials should be
environmentally friendly and should exhibit high performance
and stability.> ' These problems can be solved using greener
synthetic approaches, by fine-tuning at the molecular level and
generating greener decomposition products (inert N, gas).

The modern energetic materials are based on five- and
six-membered nitrogen-rich aromatic heterocyclic rings
e.g., azoles, oxadiazoles, triazines, tetrazines, etc."*° These
nitrogen-rich rings have high positive heats of formation and
produce large amounts of nontoxic dinitrogen (N,) gas upon
detonation.”* The presence of nitrogen-rich explosophores like
azido (-N3) in the energetic materials can further improve their
heats of formation and increase the overall nitrogen content
making them greener.*>>* Among the five-membered nitrogen-
rich heterocycles, 4-substituted-3,5-dinitropyrazole-based ener-
getic compounds are the most explored, and their properties
can be controlled depending on the substituent at the 4th
position.?® Substituents capable of forming intramolecular
hydrogen bonds (e.g., -NH, and -OH) tend to improve the
stability of the resulting compounds, whereas electron with-
drawing substituents (e.g., -NHNO, and -NO,) make them
sensitive. 4-Azido-3,5-dinitropyrazole (AzDNP) with 49.35%
nitrogen content and a high positive heat of formation (AH; =
473 k] mol™ ") is a good contender for high-performance ener-
getic materials. AzZDNP and its energetic salts have been
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Fig. 1 Various approaches to improve the stability of AZDNP.

synthesized recently starting from 4-amino-3,5-dinitropyrazole
(LLM-116), and they were found to be highly sensitive and found
to exhibit poor thermal stability.>® Shreeve and coworkers have
used several approaches to improve the energetic and stability
performance of AzDNP-based energetic compounds, such as
(i) N-methylation,” (ii) N-methylene-C bridging with the tetrazole
ring,”” (iii) symmetric N,N'-ethylene bridging,”® and (iv) asymmetric
N,N'-ethylene bridging with nitroiminotetrazole;>*>' however,
most of these approaches result in compounds with either reduced
energetic performance or poor thermal/physical stability (Fig. 1).
Therefore, there is still scope for improvement in the overall
performance of AzDNP-based energetic materials by combining
them with more suitable energetic scaffolds.

Among all the isomers of oxadiazole, 1,2,4-oxadiazole is
the most thermally stable framework and can also help improve
the oxygen balance of the resulting energetic material.**> Con-
sequently, 5-amino-1,2,4-oxadiazole-based compounds have
gained attention as scaffolds for many advanced energetic
materials. A further enhancement of their energetic properties
can be achieved by converting the amino group at 5th position
to the nitroimino group.**® Therefore, in this work, we have

172 | Mater. Adv., 2024, 5,171-182

synthesized high-performance energetic materials consisting of
the 4-azido-3,5-dinitropyrazole moiety linked with 5-nitramino-
1,2,4-oxadiazole through N-methylene-C bridges. Since we aim
to improve the stability (thermal/physical) of AzDNP-based
energetic compounds without compromising their energetic
properties, various nitrogen-rich energetic salts were also
synthesized by reacting the acidic NH of the nitroimino moiety
with different nitrogen-rich bases. This study shows that this
approach has resulted in superior energetic derivatives of
AzDNP. The parent neutral compound 6 is found to have better
detonation properties and a higher density value than all other
alkyl bridged AzDNP based energetic materials. Also, in many
cases, salt formation has further improved the thermal and
physical stability of the resulting energetic materials, making
them suitable for practical application.

Results and discussion
Synthesis

The starting material, the N-acetonitrile derivative of 4-chloro-
3,5-dinitropyrazole, 1 was synthesized using a procedure

© 2024 The Author(s). Published by the Royal Society of Chemistry
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described in the literature.”” Reaction of 1 with hydroxylamine
hydrochloride in the presence of a base (NaHCOj;) resulted in
hydroxyacetimidamide derivative 2 as an orange-colored solid
in 79% yield. Compound 3 with N-methylene-C linked 4-chloro-
3,5-dinitropyrazole and 4-amino-1,2,4-oxadiazole was obtained
in 73% yield by the cyclization of the hydroxyacetimidamide
moiety in 2 using cyanogen bromide and KHCO;. Compound 4
was obtained in 83% yield via the nucleophilic substitution of
chloro in 3 with azido (N;) by reaction with sodium azide in
DMSO. Nitration of 3 with 100% nitric acid resulted in 5 (70%
yield) with 4-chloro-3,5-dinitropyrazole and 4-nitroimino-1,2,4-
oxadiazole rings connected through an N-methylene-C bridge.
Compound 6 (could not be synthesized by the nitration of 4)
was obtained by the reaction of 5 with sodium azide followed by
acidification as a white solid in 88% yield. Furthermore, to fine-
tune their properties, energetic salts 7-17 were prepared.
Energetic salts 7-10 were obtained directly by the reaction of
6 with various nitrogen-rich bases in acetonitrile, whereas
energetic salts 12-17 were obtained by a metathesis reaction
of a silver salt (compound 11) with respective hydrochloride
bases in water (Scheme 1).

Spectral studies of compounds

All newly synthesized compounds were fully characterized
using FTIR and NMR ['H, “C{'H} and, in some cases, °N]
spectroscopy and elemental analysis. In the "H and "*C{'H}
NMR spectra of compounds 2-17, signals due to the methylene
bridge were seen in the ranges of 5.81-5.94 ppm and
50.58-51.13 ppm, respectively. Also, it was observed that in
the C{'H} NMR spectra of energetic salts 7-17, signals
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corresponding to methylene carbon were slightly deshielded
(51.01-51.13 ppm) compared to the neutral compound 6
(50.87 ppm). The signals corresponding to the amino substi-
tuted carbon of the 1,2,4-oxadiazole ring in 3 and 4 were found
to be upfield shifted at 172.28 ppm compared to those of the
nitroimino substituted carbon of the 1,2,4-oxadiazole ring in
5 (174.25 ppm) and 6 (174.39 ppm). The corresponding signals
of nitroimino substituted carbon in energetic salts 7-17 were
observed at 175.13-175.36 ppm.

In addition to the "H and "*C{"H} NMR spectra, the >N NMR
spectra were recorded for 4, 6 and 17 in DMSO-d,. The chemical
shifts were assigned by taking liquid ammonia as a reference.
The peaks are assigned based on comparison with similar
reported compounds (Fig. 2).”***” The signals corresponding
to the pyrazole ring nitrogen attached to the methylene bridge
(N1) were observed between —192.21 and —193.18 ppm,
whereas those for the other ring nitrogen (N2) were found to
be downfield shifted between —80.69 and —80.94 ppm. The
signals for oxadiazole ring nitrogens were observed in the
ranges of —48.20 to —50.18 ppm (for N6) and —179.37 to
—210.99 ppm (for N7). The signals (N3 and N4) for the nitro
groups attached to the pyrazole rings showed resonance
between —30.29 and —35.91 ppm, whereas the signal (N9) for
the nitro group attached to the nitroimino moiety of the
oxadiazole ring was slightly downfield shifted at —20.46 (com-
pound 6) and —17.65 ppm (compound 17). For neutral com-
pounds 4 and 6, the characteristic signals due to the azido (-N3)
functionality were observed at [—151.48 (N5p), —152.44 (N57),
—306.12 (N50)] and [-151.42 (N5pB), —152.57 (N57), —306.16
(N5a)] ppm, respectively. For salt 17, azide signals were found
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Scheme 1 Synthesis of energetic compounds 2-17.
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Fig. 2 >N NMR spectra of compounds 4, 6, and 17.

to be slightly upfield shifted at —151.42 (N5f), —152.59 (N5a),
and —308.98 (N5a) ppm. The signal corresponding to the NH,
group in 4 was found to be the most shielded at —320.38 ppm.
The triaminoguanidinium cation in 17 showed two distinct
signals at —292.64 and —333.08 ppm.

Crystal structures

The structures of 4, 7, and 9 were confirmed by single-crystal
X-ray analysis. Suitable single crystals were obtained by slow
evaporation of their saturated solutions in acetonitrile/water or
methanol/water mixtures. Detailed crystallographic informa-
tion, data collection parameters, selected bond lengths, and
bond angles are provided in the ESI.{ Compound 4 crystallizes
in an orthorhombic space group Pca2, with a room temperature
crystal density of 1.78 g em™>. The bridging methylene carbon

174 | Mater. Adv, 2024, 5,171-182
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shows a slight distortion from the tetrahedral geometry with an
angle N(6)-C(4)-C(5) = 109.1(3)°. The dihedral angle between
the mean planes through the pyrazole and oxadiazole rings was
found to be 72.9(1)°. The C-N bond length of the N-methylene-
C bridge in 4 is slightly shorter [C(4)-N(6) = 1.48(5) A] compared
to the C-C bond length [C(4)-C(5) = 1.51(6) A]. The two nitro
groups on pyrazole ring were found to be slightly out of the
plane of the pyrazole ring with the dihedral angles of 10.3(3)°
and 14.7(2)°. The C-N bond length of the C-N; group was found
to be slightly shorter [C(2)-N(3) = 1.38 (5) A] compared to the
C-N bond lengths of C-NO, groups [C(3)-N(2) = 1.42(5) and
C(1)-N(1) = 1.45(5) A]. The azide functional group is twisted
with respect to the pyrazole ring, with the angle between the
mean plane through the pyrazole ring and azido groups being
12.6(5)°. The crystal packing of 4 showed strong intermolecular

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

(a) Thermal ellipsoid plot (50%) and the labeling scheme of compounds (4, 7, and 9). (b) Amplification of hydrogen bonding distribution in the

labeled part of compounds (4, 7, and 9). (c) Ball and stick crystal packing diagram of (4, 7, and 9) viewed along the b axis. Orange dotted lines represent

intra- and intermolecular hydrogen bonds.

hydrogen bonding interactions [between the NH, group of one
oxadiazole ring and the N(8) ring nitrogen of another molecule
of the oxadiazole ring] and electrostatic interactions between
the nitro and azido groups (Fig. 3).

Energetic salt 7 crystallizes in a monoclinic space group
P2,/n with a crystal density of 1.81 g cm™?, whereas 9 crystal-
lizes in a triclinic space group P1 with a crystal density of
1.75 g ecm at 298 K. Unlike 4, the bridging methylene groups
in 7 and 9 showed a larger distortion from the tetrahedral
geometry (109.5°) with N(6)-C(4)-C(5) angles of 113.1(1) and
112.0(3)°, respectively. The C-C [C(4)-C(5) = 1.49(2) and 1.48(5) A]
and C-N [C(4)-N(6) = 1.46(2) and 1.47(4) A] bond lengths of
the N-methylene-C bridges in energetic salts 7 and 9 are shorter
compared to those of neutral compound 4 [C(4)-C(5) = 1.51(6) A
and C(4)-N(6) = 1.48(5) A]. The dihedral angles between the
mean planes through the pyrazole and oxadiazole rings for
compounds 7 and 9 were found to be 80.4(7)° and 72.9(1)°,
respectively. In compound 9, the oxadiazole ring and TATOT
cation were found to be almost coplanar with a dihedral angle

© 2024 The Author(s). Published by the Royal Society of Chemistry

of 8.3(9)°. The N-O bond lengths of nitroimino-oxadiazole
rings in 7 [N(9)-O(5) = 1.421(2) A] and 9 [N(9)-O(5) =
1.405(4) A] were found to be shorter compared to the N-O
bond length of the amino-oxadiazole ring in 4 [N(9)-O(5) =
1.434(2) A]. The nitro groups substituted on the pyrazole ring in
7 and 9 are nearly coplanar with dihedral angles in the range of
7.5(1)° to 11.5 (2)°. In contrast, the azido groups are signifi-
cantly out of the plane of pyrazole rings with dihedral angles of
14.3(6) and 37.1(1)°, respectively. In compound 7, the C-N;
bond length [C(2)-N(3) = 1.38(3) A] is shorter compared to
C-NO, bond lengths [1.42(3)-1.44(2) A], whereas in compound
9, the C-N; and C-NO, bond lengths are almost the same
[1.43(6)-1.44(5) A]. The N(3)-N(4)-N(5) angles of the azide
moiety are 166.3(2)° for 7 and 168.5(6)° for 9, making
these azide bonds almost linear. The crystal packing of 7
and 9 displays a network of extensive inter- and intra-
molecular hydrogen bonding interactions as shown in Fig. 3.
In compound 7, the ammonium cation showed hydrogen
bonding with the oxygen atoms of the nitroimino group

Mater. Adv., 2024, 5,171-182 | 175
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[N(12)---O(6) = 2.91(2) and N(12)---O(7) = 2.86(2) A], the ring
nitrogen of the oxadiazole ring [N(12)- - -N(8) = 2.88(2) A], and
the pyrazole nitro group [N(12)---O(1) = 3.05(2) A]. In com-
pound 9, the oxadiazole ring and TATOT cation were found to
be almost coplanar with a dihedral angle of 8.3(9)°. Conse-
quently, there are strong hydrogen bonding interactions
between the oxadiazole nitro group and TATOT amino groups
[N(12)---O(6) = 2.71(4) A, N(13)- - -O(6) = 2.99(4) A, N(18)- - -O(7) =
2.78(4) A] and the oxadiazole ring nitrogen and TATOT amino
group [N(8)---N(13) = 2.93(4) A]. Additionally, the pyrazole
attached nitro group also showed hydrogen bonding interac-
tions with TATOT [N(17)- --O(3) = 3.03(4) A and N(13)---0(4) =
3.04(5) A), resulting in a zigzag layered crystal packing. All these
H-bonding and other weak interactions contribute significantly
to the better thermal stability and reduced sensitivity of these
energetic salts compared to compound 4.

Hirshfeld surface analysis and NCI analysis

The Hirshfeld surface analysis of 4, 7, and 9 has been per-
formed using the Crystal Explorer 17.5 software to gain deeper
knowledge about the structure-property relationship.*® The
Hirshfeld surface, 2D fingerprint spectra, and percentage of
close contact populations of 4, 7, and 9 are shown in Fig. 4. The
red and blue dots on the Hirshfeld surfaces represent the high
and low close-contact populations, respectively. The red dots in
4, 7, and 9 are found mainly on the edge of the plane, owing to
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the hydrogen bonding interactions (O---H and N---H interac-
tions), which are represented by sharp spikes in the 2D finger-
print plot. The total hydrogen bonding interactions (O---H
and N---H) in 4, 7, and 9 were found to be 38%, 40.2%, and
40.8%, respectively. The higher percentage of hydrogen bond-
ing interactions in 7 and 9 makes them more thermally and
physically stable as compared to neutral compound 4.

The non-covalent interaction (NCI) analysis of compounds 4,
7, and 9 was performed using the Multiwifn software, and plots
were analyzed using the VMD software (Fig. 5).>°"*' In NCI
analysis, a large green-coloured isosurface indicates face-to-face
n-nm interactions, whereas the blue and green ellipses are
mainly due to intramolecular hydrogen bonding. Due to catio-
nic-anionic interactions, 7 and 9 showed larger green isosur-
face areas, as well as hydrogen bonding interactions, compared
to compound 4. Therefore, the existence of a large number of
hydrogen bonding and strong m-n interactions leads to the
enhanced physical stability (thermal stability and insensitivity)
of 7 and 9 compared to 4.

Physicochemical and energetic properties

The physicochemical and energetic properties of all energetic
compounds were investigated and the results are summarized
in Table 1. The densities were measured using a helium gas
pycnometer at 298 K, and the values range between 1.69 (14)
and 1.86 (6) g cm >, All compounds were found to be denser
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Fig. 5 NCI plots of compounds 4 (a), 7 (b), and 9 (c).

than TNT (1.65 g cm?), and neutral compound 6 (1.86 g cm ™)
exhibited a higher density than the traditional explosive RDX
(1.80 g cm ™). A significant decrease in the density values (from
1.80 to 1.69 g cm®) was observed for the energetic salts 7-17
compared to neutral compound 6. The heats of formation (AHj)
were calculated using the Gaussian 09 program suite according
to the isodesmic reaction (ESIf). All compounds showed
high positive heats of formation, falling between 478.3 and
1049.4 k] mol ', which surpass those of RDX (92.6 k] mol %),
TNT (—59.4 kJ mol™"), and LA (450.1 k] mol'). Among them,
the 3,6,7-triamino-7H-[1,2,4]triazolo[4,3-b][1,2,4]triazol-2-ium
(TATOT) salt, 9, (1049.4 k] mol ') exhibits the highest heat of
formation value.

Based on the measured pycnometer densities and heat of
formation values, the detonation properties (detonation velo-
city and detonation pressure) were computed using the EXPLO5
software (version 6.06).>* The evaluated detonation velocities
(D,) range between 7923 and 8961 m s ' and detonation
pressures (P) between 24.3 and 33.9 GPa. All compounds
exhibited a better detonation performance than the traditional
explosive TNT (P: 21.3 GPa, D,: 7303 m s ') and lead-based
primary explosive LA (P: 33.4 GPa, D,: 5877 m s~ '). Compounds
6 (P: 33.9 GPa, D,: 8734 m s~ '), 7 (P: 30.6 GPa, D,: 8591 m s ),

TT- T interaction o
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13 (P: 30.8 GPa, D,: 8622 m Sil) and 17 (P: 27.2 GPa, Dy
8370 m s ') have energetic properties comparable to RDX
(P: 34.9 GPa, D,: 8795 m s~ '). Compound 12 (P: 33.0 GPa,
Dv: 8961 m s~ ') displayed the highest detonation performance
and was also found to be more energetic than RDX. Due to the
large number of N-N, C-N, and O-N bonds, all these com-
pounds were found to have excellent nitrogen contents
(45-54%) that exceed those of RDX (38%), TNT (19%), and LA
(28%). They also have good combined nitrogen + oxygen con-
tents (74-79%), which also surpass that of TNT (61%) and are
comparable to RDX (81%), indicating the environmentally
friendly nature of these explosives.

Stability is another crucial factor for determining the overall
performance of energetic compounds, which depends on ther-
mal stability and mechanical sensitivity toward external sti-
muli. The decomposition temperature of compounds 4-17 was
determined using differential scanning calorimetry (DSC) at a
heating rate of 10 °C min~' in a nitrogen atmosphere. The
neutral amino-oxadiazole compound 4 decomposes at 146 °C,
whereas nitroimino-oxadiazole 6 exhibits a sharp exothermic
peak, with an onset decomposition temperature of 151 °C.
Energetic salts 7-12, 14, and 15 showed a good improvement
in the decomposition temperature compared to neutral

Table 1 Physicochemical and energetic properties of compounds 4-10 and 12-17

Compound p“(gem™®) DF(ms™") P (GPa) Ty’ (°C) Tae’ (°C) AH (I mol™?) IS5()) FS"(N) N (%) N+07 (%)
4 1.78 8050 26.0 137 146 478.3 <25 60 47.29  74.30
6 1.86 8734 33.9 — 151 532.6 3.5 60 4516  77.99
7 1.80 8591 30.6 — 173 550.2 14 240 46.93  78.20
8 1.71 7940 24.4 — 168 712.5 12 120 50.90  76.34
9 1.75 8184 26.1 — 164 1049.4 15 240 53.73  76.34
10 1.75 8224 26.6 156 160 827.1 >40 240 52.30  78.90
12 1.79 8961 33.0 — 152 595.6 <2.5 80 4492  79.13
13 1.78 8622 30.8 — 146 696.5 15 120 48.79  78.80
14 1.69 7923 24.3 — 160 520.6 18 240 49.00  76.98
15 1.74 8230 26.6 — 152 607.9 >40 240 50.60  77.57
16 1.71 8219 26.3 — 136 715.1 <2.5 80 52.09 78.12
17 1.72 8370 27.2 — 132 820.6 5 120 53.48  78.63
RDX 1.80 8795 34.9 — 204 92.6 7.4 120 37.84  81.06
TNT 1.65 7303 21.3 — 295 —59.4 15 358 18.50  60.76
LA 4.80 5877 33.4 — 315 450.1 0.1-1  0.3-0.6 28.86  28.86

“ Density measured using a gas pycnometer at 25 °C. ” Calculated detonation velocity. © Calculated detonation pressure. ¢ Melting point (onset).
¢ Temperature of decomposition (onset)./ Heat of formation. ¢ Impact sensitivity. " Friction sensitivity. ’ Nitrogen content./ Combined nitrogen

and oxygen contents.
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compound 6, with ammonium salt 7 (T4e. = 173 °C) exhibiting
the highest thermal stability. At the same time, hydrazinium
(13), diaminoguanidinium (16), and triaminoguanidinium (17)
salts showed a lower thermal stability compared to neutral
compound 6. This is probably due to the additional number of
acyclic N-N bonds present in these cations. Apart from 7 (Tye. =
173 °C), compounds 8 (Tygec = 168 °C), 9 (Tgec = 164 °C), 10 (Tqec =
160 °C), and 14 (Tge = 160 °C) showed acceptable thermal
stability with decomposition temperatures above 160 °C.

The sensitivities of all compounds towards impact (IS) and
friction (FS) were evaluated using the BAM Fallhammer appa-
ratus and BAM friction tester, respectively. Neutral compounds
4 and 6, along with energetic salts 12 (hydroxylammonium) and
16 (diaminoguanidinium), are highly sensitive towards external
stimuli with impact sensitivities of <4 J and friction sensitiv-
ities of <80 N, which categorized them as primary explosives.
However, most of the other energetic salts were found to have
improved sensitivity values compared to neutral compound 6
with impact sensitivity >10 J and friction sensitivity >120 N.
Among all, 10 and 15 are found to be insensitive (IS: 40 J, FS:
240 N) towards impact and friction. All compounds are physi-
cally more stable than LA, whereas 7-10 and 13-15 exhibited
lower sensitivities than the benchmark explosive RDX.

Conclusions

A new family of energetic materials based on 4-azido-3,5-
dinitropyrazole and 5-nitramino-1,2,4-oxadiazole rings con-
nected via N-methylene-C bridges were synthesized. This
approach of connecting the 4-azido-3,5-dinitropyrazole moiety
with another ring (5-nitramino-1,2,4-oxadiazole - capable of
forming energetic salts) using a non-energetic methylene
bridge resulted in some of the best energetic derivatives of
AzDNP. This approach was found to be better compared to the
direct salt formation, N-methylation, and N,N’-ethylene brid-
ging strategies (Fig. 1). All energetic compounds were fully
characterized, and their physicochemical and energetic proper-
ties were explored. The parent neutral compound 6 and its
hydroxylammonium salt 12 are found to be the most energetic
derivatives of AzZDNP and showed energetic properties similar
to RDX. Most energetic salts demonstrated improved thermal
stability (up to 22 °C), impact sensitivity (5-35 J) and good
energetic performance. We believe that this approach will pave
the way for stabilizing azido-based energetic compounds with
improved physical and thermal stabilities.

Experimental section
Caution!

Although no accidents were observed during the synthesis,
handling, and characterization, all compounds reported in this
work are potentially explosive materials and may explode
unpredictably under certain conditions. All compounds must
be synthesized only on a small scale (<100 mg). Any mechan-
ical actions involving grinding or scratching must be avoided.
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In addition, all manipulations must be strictly carried out in a
fume hood behind a polycarbonate safety shield. An eye pro-
tector, a face shield, and leather gloves must be worn while
handling these compounds.

General methods

All reagents were purchased from Aldrich, TCI or GLR Innova-
tions in analytical grade and were used as supplied, if not
stated otherwise. 'H, *C NMR and '°N spectra were recorded
using a 500 MHz (JEOL ECZ500R/S1) NMR spectrometer oper-
ating at 500, 125 and 50.69 MHz, respectively. As external
standards, chemical shifts in the 'H and ">C NMR spectra are
reported relative to Me,Si and those in >N NMR to ammonia.
The melting and decomposition temperatures were obtained
using a differential scanning calorimeter (S11 6300 EXSTAR) at
a scan rate of 10 °C min~ . IR spectra were recorded using KBr
pellets for solids on a PerkinElmer FT-IR spectrometer. HRMS
spectra were recorded using the ESI-TOF technique. Densities
were measured at room temperature by employing an Anton
Paar Ultrapyc 5000 gas pycnometer. Quadrupole time-of-flight
high resolution mass spectra (QTOF—HRMS) were obtained in
the ESI mode. Elemental analyses were carried out on an
Elementar model Vario-EI-III. The impact and friction sensitiv-
ity measurements were made using a standard BAM fall ham-
mer (OZM) and a BAM Friction tester (FST ProEX).

Suitable crystals of 4, 7, and 9 were obtained by slow
evaporation of their saturated solutions in acetonitrile/water
and methanol/water mixtures, respectively. Single-crystal dif-
fraction studies were carried out on a Bruker SMART APEX CCD
diffractometer equipped with an Mo Ka (X = 0.71073 A) sealed
tube. All crystal structures were solved by direct methods. The
program SAINT (version 6.22) was used for the integration of
the intensity of reflections and scaling. The program SADABS
was used for absorption correction. The crystal structures were
solved and refined using the SHELXTL (version 6.12) package.*>
All hydrogen atoms were included in idealized positions, and a
riding model was used. Non-hydrogen atoms were refined with
anisotropic displacement parameters.

Theoretical study

The heats of formation of energetic compounds 4-17 were
obtained by using isodesmic reactions. The geometric optimi-
zation and frequency analyses of the structures were performed
at the B3PW91/6-31G(d,p) level without any symmetry restric-
tions as implemented in the Gaussian 09 program.”*** All
optimized derivatives are confirmed to be true local energy
minima on the potential energy surface without any imaginary
frequencies. All calculated gas-phase enthalpies for covalent
materials are converted to solid-phase values by subtracting the
empirical heat of sublimation obtained based on the molecular
surface properties.”® For salts 7-17, the solid phase heats of
formation were calculated based on the Born-Haber energy
cycle.*®*”
2-(4-Chloro-3,5-dinitro-1H-pyrazol-1-yl)-N'-hydroxyacetimid-
amide (2). To a stirred solution of hydroxylamine hydrochloride
(1.35 g, 19.5 mmol) and sodium bicarbonate (1.64 g, 19.5 mmol)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in 75 mL of water was added a suspension of 1 (3.00 g,
13.0 mmol) in ethanol (10 mL) and the reaction mixture was
stirred at 60 °C for 3 h. After cooling, orange-coloured crystals
were obtained, which were filtered, washed with water (10 mL),
and dried in air to yield 2. Yield: 2.70 g, 79%. '"H NMR (DMSO-
de, ppm): 9.33 (s, 1H, OH), 5.79 (s, 2H, NH,), 5.30 (s, 2H, CH,).
BC{'H} NMR (DMSO-dg, ppm): § 148.2, 146.6, 143.0, 105.8,
54.3 ppm. IR (v, cm™Y): 3604, 3469, 3369, 3195, 1684, 1567,
1509, 1330, 1067, 965, 882, 795, 686. Elemental analysis of
CsH;5CINgO5 (264.58): caled: C 22.70, H 1.90, N 31.76%. Found:
C 22.16, H 1.81, N 30.97%.
3-((4-Chloro-3,5-dinitro-1H-pyrazol-1-yl)methyl)-1,2,4-oxadiazol-
5-amine (3). To a solution of 2 (2.00 g, 7.6 mmol) in the ethanol
(25 mL) and water (50 mL) mixture was added potassium bicar-
bonate (2.66 g, 26.6 mmol) and cyanogen bromide (2.81 g,
26.6 mmol), and the reaction mixture was stirred at room tem-
perature for 24 h. The precipitate obtained was filtered, washed
with water (15 mL), and dried in air to yield 3 as an off-white solid.
Yield: 1.60 g, 73%. 'H NMR (DMSO-ds, ppm): 8.03 (s, 2H, NH,),
5.86 (s, 2H, CH,). *C{'"H} NMR (DMSO-ds, ppm): § 172.3, 164.7,
148.6, 142.5, 106.5, 50.8 ppm. IR (v, cm ™~ '): 3378, 3164, 3023, 1667,
1563, 1505, 1438, 1328, 1282, 1064, 887, 788. Elemental analysis of
CeH,CIN,O5 (289.59): caled: C 24.89, H 1.39, N 33.86%. Found:
C 24.79, H 1.33, N 33.76%.
3-((4-Azido-3,5-dinitro-1H-pyrazol-1-yl)methyl)-1,2,4-oxadiazol-5-
amine (4). Sodium azide (0.34 g, 5.2 mmol) was added in one
portion to a solution of 3 (0.50 g, 1.7 mmol) in DMSO (25 mL).
The solution was stirred at room temperature for 8 h and then
poured into ice water (20 mL). The resulting solution was
stirred at room temperature for 30 min. The precipitate
obtained was filtered, washed with cold water (5 mL), and dried
in air to yield 5 as an orange solid. Yield: 0.42 g, 83%. '"H NMR
(DMSO-dg, ppm): 8.02 (s, 2H, NH,), 5.81 (s, 2H, CH,). "*C{'H}
NMR (DMSO-ds, ppm): & 172.3, 164.9, 145.1, 137.3, 117.5,
50.6 ppm. '°N' NMR (DMSO-dg): —30.4, —35.9, —48.2, —80.7,
—151.5, —152.4, —192.5, 198.9, —306.1, 320.4. IR (v, cm '):
3350, 3144, 2144, 1669, 1581, 1512, 1443, 1324, 919, 801, 757.
Elemental analysis of CsH4N;¢05 (296.16): caled: C 24.33, H 1.36, N
47.29%. Found: C 24.38, H 1.51, N 46.95%.
N-(3-((4-Chloro-3,5-dinitro-1H-pyrazol-1-yl)methyl)-1,2,4-
oxadiazol-5(4H)-ylidene)nitramide (5). Compound 3 (1.00 g,
3.5 mmol) was added carefully to ice-cold 100% HNO;
(28 mL). The solution was then slowly warmed to room tempera-
ture and stirred for 36 h. Nitric acid was removed under com-
pressed air, and the solid residue obtained was washed with a
hexane/EtOAc (3 : 1) solution and dried in air to obtain 5 as a white
solid. Yield: 0.80 g, 70%. 'H NMR (DMSO-dg, ppm): 8.24 (s, 1H,
NH), 5.94 (s, 2H, CH,). *C{'"H} NMR (DMSO-dg, ppm): § 174.2,
163.5, 148.7, 142.6, 106.6, 51.1 ppm. IR (v, cm ): 3459, 3242,
3022, 1844, 1590, 1510, 1448, 1327, 1274, 1177, 1065, 962, 896,
793, 722. Elemental analysis of CgH;CINgO, (334.59): caled:
C 21.54, H 0.90, N 33.49%. Found: C 21.45, H 1.11, N 33.26%.
N-(3-((4-Azido-3,5-dinitro-1H-pyrazol-1-yl)methyl)-1,2,4-
oxadiazol-5(4H)-ylidene)nitramide (6). Sodium azide (0.30 g,
4.5 mmol) was added in one portion to a solution of 5
(0.50 g, 1.5 mmol) in DMSO (25 mL). The solution was stirred
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at room temperature for 8 h and poured into ice water (20 mL).
The aqueous solution was acidified to pH 1-2 with 2 M sulfuric
acid, and the resulting solution was stirred at room tempera-
ture for 30 min. The precipitate was filtered, washed with cold
water (5 mL), and dried in air to obtain 6 as an off-white solid.
Yield: 0.45 g, 88%. '"H NMR (DMSO-dg, ppm): 5.90 (s, 2H, CH,).
Bc{'H} NMR (DMSO-dg, ppm): § 174.4, 163.8, 145.2, 137.4,
117.5, 50.9 ppm. °N NMR (DMSO-dg): —20.5, —30.4, —36.0,
—49.8, —80.9, —151.4, —151.9, —152.6, —193.2, —211.0, —306.2.
IR (v, cm™Y): 3462, 3254, 3020, 2220, 2135, 1616, 1512, 1449,
1327, 1271, 1074, 970, 797, 724. Elemental analysis of
CeH3N 1,0, (341.16): caled: C 21.12, H 0.89, N 45.16%. Found:
C 21.16, H 1.01, N 44.82%. HRMS (ESI) m/z [M-H]~ calcd for
CeH3N;,0, 340.0139, found: 340.0166.

Ammonium 3-((4-azido-3,5-dinitro-1H-pyrazol-1-yl)methyl)-
5-(nitroimino)-1,2,4-oxadiazol-4-ide (7). Compound 6 (0.20 g,
0.6 mmol) was dissolved in acetonitrile (3 mL), and a
solution of 28% aqueous ammonia (20 mg, 0.6 mmol) in
acetonitrile (1 mL) was added to it. The resulting solution
was stirred at room temperature for 2 h. Afterward, the solvent
was reduced in air pressure to yield 7 as a light-yellow solid.
Yield: 0.17 g, 81%. '"H NMR (DMSO-de, ppm): 7.09 (t, 4H, NH,"),
5.87 (s, 2H, CH,). "*C{'H} NMR (DMSO-dg, ppm): 6 175.2, 164.4,
145.1, 137.2, 117.4, 51.1 ppm. IR (v, cm™'): 3459, 3254, 2149,
1587, 1519, 1433, 1402, 1320, 1291, 1089, 919, 806, 730.
Elemental analysis of CeHeN;,0; (358.19): caled: C 20.12,
H 1.69, N 46.93%. Found: C 20.19, H 1.81, N 46.86%.

3,5-Diamino-1H-1,2 4-triazol-4-ium(Z2)-3-((4-azido-3,5-dinitro-1H-
pyrazol-1-yl)methyl)-5-(nitroimino)-1,2,4-oxadiazol-4-ide (8). Com-
pound 6 (0.20 g, 0.6 mmol) was suspended in water (5 mL), and
a solution of 3,5-diamino-1H-1,2,4-triazol-4-ium (0.57 g, 0.6 mmol)
in water (3 mL) was added. The resulting solution was stirred at
room temperature for 4 h, and afterward, the solvent was reduced
to about 2 mL by blowing air. The precipitate obtained was filtered,
washed with water (1 mL), and dried in air to yield 8 as a light-
yellow solid. Yield: 0.23 g, 89%. "H NMR (DMSO-dq, ppm): 6.97
(s, 4H, NH,), 5.87 (s, 2H, CH,). *C{'H} NMR (DMSO-d,, ppm): §
175.4, 164.3, 151.5, 145.1, 137.5, 117.6, 51.1 ppm. IR (v, cm):
3605, 3444, 3192, 2700, 2123, 1706, 1669, 1582, 1432, 1372,
1270, 1001, 901, 775, 735. Elemental analysis of CgHgN;c0O-,
(440.26): caled: C 21.83, H 1.83, N 50.90%. Found: C 21.77, H
1.93, N 50.77%.

3,6,7-Triamino-7H-[1,24]triazolo[4,3-b][1,2,4]triazol-2-ium(Z)-3-
((4-azido-3,5-dinitro-1H-pyrazol-1-yl)methyl)-5-(nitroimino)-1,2,4-
oxadiazol-4-ide (9). Compound 6 (0.20 g, 0.6 mmol) was dissolved
in acetonitrile (5 mL), and a suspension of 3,6,7-triamino-7H-
[1,2,4]triazolo[4,3-b][1,2,4]triazol-2-ium (0.90 g, 0.6 mmol) in
acetonitrile (3 mL) was added. The resulting solution was
stirred at room temperature for 2 h, and afterward, the solvent
was reduced to about 2 mL by blowing air. The precipitate
obtained was filtered, washed with acetonitrile (1 mL), and
dried in air to yield 9 as a white solid. Yield: 0.25 g, 86%.
'H NMR (DMSO-dg, ppm): 8.13 (s, 2H, NH,), 7.21 (s, 2H, NH,),
5.86 (s, 2H, CH,), 5.76 (s, 2H, NH,). ">*C{"H} NMR (DMSO-ds,
ppm): § 175.3, 164.5, 160.2, 147.5, 145.1, 141.2, 137.4, 117.5,
51.1 ppm. IR (v, cm™%): 3379, 3104, 2162, 1685, 1659, 1584,
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1519, 1312, 1091, 777, 713. Elemental analysis of CoHoN;40;
(495.30): caled: C 21.83, H 1.83, N 53.73%. Found: C 21.77,
H 1.85, N 52.58%.

3,4,5-Triamino-4H-1,2,4-triazol-1-ium(Z2)-3-((4-azido-3,5-
dinitro-1H-pyrazol-1-yl)methyl)-5-(nitroimino)-1,2,4-oxadiazol-
4-ide (10). Compound 6 (0.20 g, 0.6 mmol) was suspended in
water (5 mL), and a solution of 3,4,5-triamino-4H-1,2,4-triazol-
1-ium (0.06 g, 0.6 mmol) in water (3 mL) was added. The
resulting solution was stirred at room temperature for 4 h,
and afterward, the solvent was reduced to about 2 mL by
blowing air. The precipitate obtained was filtered, washed with
water (1 mL), and dried in air to yield 10 as a golden-yellow
solid. Yield: 0.22 g, 85%. "H NMR (DMSO-ds, ppm): 7.09 (s, 4H,
NH,), 5.86 (s, 2H, CH,), 5.58 (s, 2H, NH,). "*C{"H} NMR (DMSO-
de, ppm): 6 175.3, 164.3, 150.0, 145.1, 137.4, 117.5, 51.1 ppm.
IR (v, cm'): 3406, 3363, 2134, 1706, 1663, 1583, 1447, 1378,
1323, 1070, 899, 777. Elemental analysis of CgHoN;,0; (455.09):
caled: C 21.11, H 1.99, N 52.30%. Found: C 21.07, H 2.13,
N 52.18%.

Silver (2)-3-((4-azido-3,5-dinitro-1H-pyrazol-1-yl)methyl)-5-
(nitroimino)-1,2,4-oxadiazol-4-ide (11). A solution of AgNOj;
(0.20 g, 1.2 mmol) in H,O (16 mL) was added dropwise to a
suspension of compound 6 (0.40 g, 1.2 mmol) in H,O (10 mL)
and stirred at room temperature for 2 h. The precipitate was
collected, washed with water, and dried, giving 11 as a white
solid. Yield: 0.42 g, 82%. "H NMR (DMSO-ds, ppm): 5.92 (s, 2H,
CH,). *C{'H} NMR (DMSO-dg, ppm): & 174.4, 163.8, 145.3,
137.5, 117.1, 51.0 ppm. IR (v, ecm™'): 3453, 3269, 2140, 1784,
1587, 1522, 1448, 1331, 1084, 971, 908, 797, 728. Elemental
analysis of C¢H,AgN;;0, (448.02): caled: C 16.09, H 0.45, N
34.39%. Found: C 16.17, H 0.63, N 34.17%.

General procedure for the synthesis of salts 12-17

A solution of hydroxylammonium chloride (0.06 g, 0.9 mmol),
hydrazinium chloride (0.06 g, 0.9 mmol) guanidinium chloride
(0.09 g, 0.9 mmol), aminoguanidinium chloride (0.10 g,
0.9 mmol), diaminoguanidinium chloride (0.11 g, 0.9 mmol),
and triaminoguanidinium chloride (0.13 g, 0.9 mmol) in water
(2 mL) was added dropwise to a suspension of precursor salt 11
(0.20 g, 0.45 mmol) in water (10 mL). The mixture was stirred at
room temperature for 12 h under darkness. The precipitate was
filtered off, and the filtrate was dried in air to obtain the
product.

Hydroxylammonium (Z)-3-((4-azido-3,5-dinitro-1H-pyrazol-1-
yl)methyl)-5-(nitroimino)-1,2,4-oxadiazol-4-ide (12). Yield: 0.14
g, 84%. Orange solid. "H NMR (DMSO-ds, ppm): 10.29 (s, 4H,
NH;0H"), 5.86 (s, 2H, CH,). *C{"H} NMR (DMSO-d¢, ppm): J
175.1, 164.3, 145.2, 137.4, 117.5, 51.1 ppm. IR (v, cm™'): 3489,
2695, 2141, 1455, 1330, 1274, 1075, 1002, 903, 804, 778.
Elemental analysis of C¢HgN;,05 (374.19): caled: C 19.26, H
1.62, N 44.92%. Found: C 19.07, H 1.73, N 44.88%.

Hydrazinium (Z)-3-((4-azido-3,5-dinitro-1H-pyrazol-1-yl)methyl)-
5-(nitroimino)-1,2,4-oxadiazol-4-ide (13). Yield: 0.11 g, 66%. Yellow
solid. "H NMR (DMSO-ds, ppm): 6.35 (br, 5H, N,H;"), 5.87 (s, 2H,
CH,). PC{*H} NMR (DMSO-dg, ppm): § 175.2, 164.2, 145.1, 137.4,
117.4, 51.1 ppm. IR (v, cm ™ Y): 3519, 2135, 1781, 1671, 1515, 1331,
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1089, 953, 831, 801. Elemental analysis of C¢H;N;30; (373.21):
caled: C 19.31, H 1.89, N 48.79%. Found: C 19.27, H 1.83,
N 48.66%.

Guanidinium (Z)-3-((4-azido-3,5-dinitro-1H-pyrazol-1-yl)methyl)-
5-(nitroimino)-1,2,4-oxadiazol-4-ide (14). Yield: 0.14 g, 78%. Pale
yellow solid. "H NMR (DMSO-ds, ppm): 7.11 (s, 6H, NH,), 5.86 (s,
2H, CH,). “C{'H} NMR (DMSO-ds, ppm): 6 175.2, 164.3, 158.3,
145.1, 137.4, 117.4, 51.1 ppm. IR (v, cm ™~ *): 3428, 3189, 2140, 1779,
1665, 1583, 1521, 1451, 1331, 1284, 1086, 996, 903, 804, 560.
Elemental analysis of C;HgN;,0, (400.23): caled: C 21.01, H 2.01,
N 49.00%. Found: C 21.07, H 2.13, N 47.12%.

Aminoguanidinium (Z)-3-((4-azido-3,5-dinitro-1H-pyrazol-1-
yl)methyl)-5-(nitroimino)-1,2,4-oxadiazol-4-ide (15). Yield: 0.15
g, 81%. Orange solid. "H NMR (DMSO-de, ppm): 8.78 (s, 1H,
NH'), 7.14 (br, 4H, NH,), 5.86 (s, 2H, CH,), 4.25 (s, 2H, NH,).
Bc{'H} NMR (DMSO-d¢, ppm): § 175.2, 164.3, 159.1, 145.1,
137.4, 117.4, 51.0 ppm. IR (v, cm™'): 3368, 3167, 2347, 2214,
2138, 1767, 1675, 1635, 1517, 1431, 1329, 1277, 1204, 1074, 991,
903, 791. Elemental analysis of C;HoN;50, (415.25): caled: C
20.25, H 2.18, N 50.60%. Found: C 20.27, H 2.23, N 50.48%.

Diaminoguanidinium (Z)-3-((4-azido-3,5-dinitro-1H-pyrazol-
1-yl)methyl)-5-(nitroimino)-1,2,4-oxadiazol-4-ide (16). Yield:
0.15 g, 78%. Orange solid. '"H NMR (DMSO-d¢, ppm): 8.72 (s,
2H, NH), 7.24 (s, 2H, NH,"), 5.86 (s, 2H, CH,), 4.02 (s, 4H, NH,).
Bc{'H} NMR (DMSO-dg, ppm): & 175.2, 164.3, 159.9, 145.0,
137.3, 117.4, 51.1 ppm. IR (v, cm™'): 3434, 3311, 3249, 2350,
2138, 1603, 1623, 1512, 1330, 1201, 997, 957. Elemental analysis
of C,H;oN;40; (430.26): caled C 19.54, H 2.34, N 52.09%.
Found: C 19.57, H 2.43, N 51.88%.

Triaminoguanidinium (Z)-3-((4-azido-3,5-dinitro-1H-pyrazol-
1-yl)methyl)-5-(nitroimino)-1,2,4-oxadiazol-4-ide (17). Yield:
0.16 g, 80%. Orange solid. '"H NMR (DMSO-dg, ppm): 8.59 (s,
3H, NH), 5.86 (s, 2H, CH,), 4.50 (s, 6H, NH,). "*C{'"H} NMR
(DMSO-de, ppm): § 175.3, 164.4, 159.1, 145.1, 137.4, 117.5,
51.1 ppm. *N NMR (DMSO-d¢): —17.7, —30.3, —35.9, —50.2,
—80.8, —151.4, —152.6, —159.3, —179.4, —192.2, —292.6,
—309.0, —333.1. IR (v, cm™'): 3323, 3208, 2345, 2140, 1689,
1637, 1455, 1329, 1262, 1131, 803, 638. Elemental analysis of
C,H,;N;,0, (445.28): calcd: C 18.88, H 2.49, N 53.48%. Found:
C 19.01, H 2.52, N 52.58%.
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